This review highlights developments in mycotoxin analysis and sampling over a period between mid-2007 and mid-2008. It covers the major mycotoxins: aflatoxins, Alternaria toxins, cyclopiazonic acid, fumonisins, ochratoxin, patulin, trichothecenes, and zearalenone. Some aspects of natural occurrence, particularly if linked to novel aspects of analytical methods, are also included. The review demonstrates the rise of LC-MS methods, the continuing interest in developing alternative and rapid methods and the modification of well-established mycotoxin analytical methods by individual laboratories to meet their own requirements.
Introduction
Mycotoxin analytical methods continue to attract considerable attention in the literature. Although many of the developments reflect general advances in analytical and separation science, such as the increasing availability of mass spectrometric detectors, modifications of existing methods continue to be published with the aim of improving the various aspects of the analysis process, including extraction and, where applicable, clean-up, separation and detection. The purpose of this review is to summarise in a single document these developments from mid-2007 to mid-2008 and provide an overview of the current trends in mycotoxin determination. Although the focus is on analytical developments, other aspects such as natural occurrence, particularly if linked to novel aspects of analytical methods, are also included.
Sampling and sample preparation
Improvements in sampling methods to detect mycotoxins and other quality attributes in food and feed products continue to be a high priority among regulatory agencies, international organisations, and commodity industries worldwide. Examples of several worldwide efforts are discussed below.
A consensus was reached among member delegations at the 2 nd meeting of the Codex Committee on Contaminants in Foods (CCCF) in The Hague, the Netherlands, in 2008 on aflatoxin maximum levels (step 8) and sampling plans (step 5/8) for ready-to-eat (RTE) treenuts (almonds, pistachios, and hazelnuts) and these three treenuts destined for further processing (DFP). Codex procedures can be found in the Procedural Manual on the Codex Alimentarius website. The Codex Alimentarius Commission accepted the draft sampling plan and maximum limits on June 30, 2008 (CAC, 2008 . Maximum levels agreed upon were 10 and 15 µg/kg total aflatoxins for almonds, pistachios, and hazelnuts marketed as RTE and DFP, respectively. Aflatoxin sampling plans for these RTE and DFP treenuts are summarised below:
Treenuts destined for further procession or equal to 10 µg/kg total aflatoxin in both laboratory samples, then accept the lot. Otherwise, reject the lot.
•
To assist exporters and importers implement these two Codex aflatoxin sampling plans, sample selection, sample preparation, and analytical methods required to quantify aflatoxin in laboratory samples taken from bulk treenut lots are described in ALINORM 08/31/41 APPENDIX IX (CAC, 2008) . The performance of the RTE and DFP sampling plans were computed using models developed from sampling studies referenced in the AOAC International General Referee's 2007 report (Shephard, 2007) . Since then, a model to evaluate the performance of aflatoxin sampling plans for hazelnuts has been published (Ozay et al., 2007) .
As part of an International Atomic Energy Agency (IAEA) effort to assist developing countries in controlling mycotoxin contamination, a study was conducted to survey the extent of fumonisin in commercial maize and to design sampling plans to detect fumonisin in maize produced and marketed in Nigeria (Whitaker et al., 2007a) . A computer model was developed that used the variance and distribution information from sampling studies to predict the performance of sampling plans to detect fumonisin in maize shipments. The performance of several sampling plan designs was evaluated to demonstrate how to manipulate sample size and the accept/reject limit to reduce misclassification of maize lots.
The number of elevator facilities in the U.S. with laboratories to test shelled maize for aflatoxin on site is increasing. The inherent difficulty in accurately determining the true aflatoxin concentration of a lot of maize may have serious implications. Deviations from the true value are of even greater significance at busy locations where a high throughput is desired. A study was instituted to measure (a) the differences in aflatoxin test results between elevator laboratories and the Louisiana Agricultural Chemistry (LAC) laboratory and (b) the variability in aflatoxin test results associated with sampling, sample preparation, and analysis of shelled maize at such locations (Whitaker et al., 2007b) . Mean aflatoxin levels determined at elevator laboratories were significantly (P<0.05) lower than those obtained in the LAC laboratory using the Aflatest method. Overall, Aflatest method results were lower than those obtained by high performance liquid chromatography (HPLC). This difference may be attributed to analyst technical dexterity, difficulty in providing careful attention to detail in a high throughput environment, and/or substandard facilities found at elevators. The total variance associated with the aflatoxin test procedure was partitioned into the combined sampling plus subsampling variance and analytical variance. The sampling and sample preparation steps accounted for about 91.5% of the total variability. When using the HPLC analytical method, the analytical step contributed only 8.5% to the total variance.
A case study of aflatoxins in pistachio nuts was conducted to broadly demonstrate the strengths and weaknesses of empirical versus modelling approaches to uncertainty estimation (Lyn et al., 2007) . The estimate of sampling uncertainty made using the modelling approach (136%, at 68% confidence) is six times larger than that found using the empirical approach (22.5%). The difficulty in establishing reliable estimates for the input variable for the modelling approach is thought to be the main cause of the discrepancy. The empirical approach to uncertainty estimation, with the automatic inclusion of sampling within the uncertainty statement, is recognised as generally the most practical procedure, providing the more reliable estimates. The modelling approach is also shown to have a useful role, especially in choosing strategies to change the sampling uncertainty, when required.
A study was conducted to determine the efficiency of shelling plant processes on removing aflatoxin-contaminated nuts from processed lots (Whitaker et al., 2007c) . Forty-six mini-lots of 45.4 kg (100 lb), each taken from farmers' stock lots suspected of aflatoxin contamination, were shelled, sized into six grade categories, and each grade (except the smallest grade, which is oil stock) was colour sorted into an acceptable and unacceptable category (11 categories per mini-lot). The aflatoxin concentration among the 46 mini-lots varied from less than 1 µg/kg to 783 µg/kg and averaged 73.7 µg/kg. The aflatoxin in the jumbo (largest size kernels), medium, number one, other edibles, sound splits, and oil stock grade sizes averaged 42.5, 66.2, 93.6, 116.7, 105 .1, and 133.6 µg/kg, respectively (jumbo grade is the largest and oil stock is the smallest peanut size). Only the two largest peanut grades contained less aflatoxin on average than the farmers' stock peanuts before sorting by size. After colour sorting, the acceptable portion of the four largest grades had an aflatoxin reduction on the average of 37.8, 30.9, 28.8, and 32 .2%, respectively. Regression equations were developed to predict the aflatoxin in each grade size (before and after colour sorting) as a function of the aflatoxin in the mini-lot.
Aflatoxin M 1
In 2007/2008 published scientific papers on aflatoxin M 1 (AFM 1 ) issues mainly focused on the occurrence of AFM 1 in milk and milk products. Some papers on carry-over and the effects of processing of milk on the AFM 1 content have appeared. Articles on analytical developments and validation of methodology were scarce. Anfossi et al. (2008) described an enzyme linked immunosorbent assay (ELISA) for the determination of AFM 1 in milk and milk products, where an aqueous sodium citrate solution was found to be suitable for extracting the toxin. The citrate extraction proved to be efficient in fortified samples of very different kinds of dairy products, including yoghurt and cheese, with recoveries ranging from 70-124%. Further investigations of yoghurt and cheese samples showed that data obtained with the ELISA correlated well with those of conventional HPLC methodology involving chlorinated solvents, across a wide range of AFM 1 contaminations (10-200 ng/kg milk).
Whereas HPLC methodology with fluorometric detection for the determination of AFM 1 in milk was interlaboratoryvalidated in the 1990's (Dragacci and Grosso, 2001) , single laboratory validation (SLV) has also been applied in individual laboratories to demonstrate that this method is fit-for-purpose in these laboratories, and to estimate the measurement uncertainty. Muscarella et al. (2007) published the results of such an SLV study for AFM 1 in milk, carried out according to the guidelines of the European Commission (EC, 2002) . This rigid validation procedure requires the in-house investigation of selectivity, recovery, precision, decision limit, detection capability and robustness of the method. The authors reported acceptable performance characteristics and a low expanded measurement uncertainty of 7%. EU legislation for mycotoxins (EC, 2006) now requires that, for official food control purposes, 'the analytical result must be reported as x ± U, where x is the analytical result and U is the expanded measurement uncertainty' . Bluethgen (2007 Bluethgen ( , 2008a performed feeding experiments focusing on the transfer of aflatoxin B 1 (AFB 1 ) into AFM 1 in the milk of mares, goats and ewes. Mean carry-over rates for mares were 0.04-0.05%, for ewes they ranged from 0.60 to 0.72% (with a maximum of 2.7%) and for goats they ranged from 2.5 to 2.7%. The author concluded that the maximum tolerated AFB 1 levels in forage for ewes and goats, as in force in the EU, are too high for the production of ewe's or goat's milk in accordance with the maximum allowed concentrations of AFM 1 in milk or dietetic food in the EU. As goat's milk is often used as a surrogate for mother's milk or cow's milk in allergic infants, a correction of the maximum allowed levels in the EU for AFB 1 in complete feed for dairy goats to lower levels would be necessary. The low excretion rate in mare's milk indicates that under the conditions of feed contaminated with AFB 1 at the EU legal threshold of 5 µg/kg, the production of milk for dietetic consumption would be possible.
Recently published surveys on the occurrence of AFM 1 in milk and milk products of cows and goats included Brazil (Iha et al., 2007) , France (Boudra et al., 2007) , Iran (Ghiasian et al., 2007) , Italy (Virdis et al., 2008) , Lithuania (Brukstiene et al., 2007) , Pakistan (Hussain and Anwar, 2008) , Slovenia (Torkar and Vengust, 2008) and Turkey (Tekinsen and Ucar, 2008) . The levels found were usually low, often fulfilled national or international requirements, and were not of health concern.
Aflatoxins B 1 , B 2 , G 1 and G 2
The application of mass spectrometry to mycotoxin detection, quantification and confirmation has expanded over the review period. In certain instances, LC-MS/MS (liquid chromatography-tandem mass spectrometry) methods have been developed for specific commodities such as olive oil and hazelnuts (Bacaloni et al., 2008; Cavaliere et al., 2007a) . However, a number of laboratories have pursued the concept of using LC-MS as a multitoxin detection tool (Apfelthaler et al., 2008; Berthiller et al., 2007; Spanjer et al., 2008; Sulyok et al., 2007a) . These method developments include aflatoxins in the array of toxins being profiled. Due to the large differences in toxin chemistry, such methods mostly do not include specific sample clean-up procedures. As a consequence, matrix effects influencing ionisation can become an important issue and matrix-matched calibration has been used. Alternatively, isotope-labelled mycotoxins have been synthesised for use as internal standards in LC-MS analyses. This approach has been investigated by synthesising deuterated AFB 2 and aflatoxin G 2 (Cervino et al., 2008) . However, if the mycotoxins to be determined have been limited to the most important agricultural mycotoxins (aflatoxins, fumonisins, deoxynivalenol (DON), ochratoxin A (OTA), zearalenone (ZEA), HT-2 toxin and T-2 toxin), clean-up can be achieved on an immunoaffinity column (IAC) containing antibodies specific to all these compounds (Lattanzio et al., 2007) .
The determination of aflatoxins and OTA in ginseng and ginger has been the subject of method development and interlaboratory collaborative study . The optimised method consisted of alkaline extraction using methanol-0.5% sodium hydrogen carbonate and shaking, followed by clean-up on a commercial IAC column containing antibodies specific to both aflatoxin and OTA. The toxins were independently quantified by reversed-phase HPLC with fluorescence detection following post-column photochemical derivatization. Application of the method to commercial ginger samples showed contamination levels for aflatoxin could be as high as 31 µg/kg and for OTA as high as 10 µg/kg. An interesting finding was that the aflatoxin G 1 level was about 1-3 µg/kg higher than that of AFB 1 , a situation not normally encountered in other products contaminated with aflatoxin. None of the ginger products contained either toxin above a level of 2 µg/kg. A collaborative study of the method with Study Director Dr. Mary Trucksess (CFSAN, FDA), was successfully completed and accepted as AOAC International method number 2008.02.
A collaborative study for the determination of AFB 1 in maize using IAC cleanup was successfully completed at spiked contamination levels as low as 2 µg/kg (Brera et al., 2007) . Samples were extracted by shaking with methanolwater (80:20) . Quantification was by reversed-phase HPLC with various derivatisation techniques. The use of cyclodextrins to enhance fluorescence of mycotoxins has been reviewed (Maragos et al., 2008) and other authors have molecularly modelled the inclusion complex of AFB 1 and some cyclodextrins (Aghamohammadi and Alizadeh, 2007) . Total AFB 1 and AFB 2 have been quantified by ion mobility spectrometry and the developed method applied to contamination in pistachio nuts with a detection limit of 0.5 ng injected (Sheibani et al., 2008) . This could be lowered by a factor of 2.5 by adding ammonia as the dopant to the carrier gas.
Despite the increasing use of LC-MS techniques, antibodybased methods continue to be investigated. The development of these immunochemical methods and their evolution from single to multiple analyte screening, including topics on ELISA, immunosensors, fluorescence polarization and rapid visual tests (lateral-flow, flow-through and dipstick) have been reviewed in detail (Goryacheva et al., 2007) . The determination of AFB 1 in deep-red pepper by ELISA has been described, in which the sample extract undergoes prior clean-up by IAC to remove impurities, especially colour (Ardic et al., 2008) . The final IAC eluate is diluted 10-fold with aqueous buffer before being used in the ELISA test. Other developments include an immunosensor for AFB 1 based on impedimetric responses on a platinum electrode (detection limit of 0.1 mg/l) (Owino et al., 2007) and an AFB 1 strip-test using a nanocolloidal gold-antibody probe which achieved a visual detection limit of 0.5 ng/ ml . Comparison of this latter method with HPLC demonstrated its potential as a preliminary screening tool.
The natural occurrence of aflatoxins in a wide range of commodities continues to attract considerable interest in the literature. The relative severity of aflatoxin contamination in cereal crops (maize, sorghum and pearl millet) in West Africa has been used to highlight the possibility of reducing human exposure by shifting cereal consumption away from maize back to traditional African cereals of sorghum and millet (Bandyopadhyay et al., 2007) . The presence of aflatoxins has been reported in spices in Korea (Cho et al., 2008) , in red paprika in Spain (Hierro et al., 2008) , in pearl millet in India (Raghavender et al., 2007) , in maize in Vietnam (Trung et al., 2008) , in hazelnuts in Turkey (Ozay et al., 2008) , in senna plants in India (Müller and Basedow, 2007) , in rice in Vietnam (Nguyen et al., 2007) , in spices in Ireland (O'Riordan and Wilkinson, 2008) , in maize, peanut, walnut, and pine nut in China (Wang and Liu, 2007) , in animal feeds in Nairobi, Kenya (Kang'ethe et al., 2007) , in food samples including maize, soybean, peanut, and spices in Korea (Ok et al., 2007) , in raw Brazil nuts in the Amazon basin (Pacheco and Scussel, 2007) , in maize in northern Mississippi (Hawkins et al., 2008) and in dairy cow feed in Portugal (Martins et al., 2007) .
Aflatoxins have been the subject of other investigations. The deleterious effects of aflatoxin exposure in West Africa have been highlighted by research showing that in utero exposure causes growth faltering in infants studied during the first year of life in the Gambia (Turner et al., 2007) . A clinical trial in Ghana, West Africa, using NovaSil clay to reduce human exposure to aflatoxins has shown successful results Phillips et al., 2008; Wang et al., 2008a) . The possibility of sorting Brazil nuts on the basis of external parameters such as dimension, weight, chromaticity and shell thickness has been investigated and the results suggest that this may be a useful method to distinguish healthy from deteriorated nuts (De Mello and Scussel, 2007) . The degree to which climate change may influence mycotoxin contamination of crops has been discussed for the case of aflatoxin and aflatoxin-producing fungi, which may be directly affected by changes in weather patterns and indirectly by changes in insect herbivory on food crops (Cotty and Jaime-Garcia, 2007) .
Alternaria toxins
Current analytical methods for the detection and determination of these mycotoxins in fruits and vegetables have been recently reviewed in a multi-author book (BarkaiGolan and Paster, 2008a) and summarised in a review article, which also covers Aspergillus and Penicillium toxins (Barkai-Golan and Paster, 2008b,c) . Another review on chemical characterisation, producers, toxicity, analysis and occurrence in foodstuffs of Alternaria mycotoxins has also been recently published in this journal (Ostry, 2008) . New data from publications not covered in the above reviews are summarised here. Alternariol (AOH), alternariol monomethyl ether (AME) and tenuazonic acid (TeA) continue to be the most analysed Alternaria mycotoxins. The occurrence of these mycotoxins in 64 samples of Argentinean wheat from 2004 and 2005 harvest has been reported (Azcarate et al., 2008) . AME, AOH and TeA were detected and measured by HPLC in 23, 6 and 19% of analysed samples, whereas mean levels in positive samples were 2,118, 1,054 and 2,313 µg/kg, respectively.
LC-MS/MS with electrospray ionisation (ESI) operating in negative ion mode has been used to analyse AOH and AME in purified extracts of flavedo and albedo tissues of tangerines (Citrus reticulata) with symptoms of Alternaria brown spot (Magnani et al., 2007) . Samples were extracted with acetonitrile containing 1% acetic acid. The filtered extracts were further diluted with the extraction solvent, evaporated to dryness, reconstituted with ethyl acetate and cleaned-up on aminopropyl SPE cartridges before LC-MS/MS determination. The limits of detection and quantification for both toxins were 0.13 and 0.5 µg/kg, respectively, with a good linearity in the range of 0.5-20 µg/kg. The overall recoveries were around 40% and within-laboratory repeatability ranged from 7% to 14.5%.
AOH and AME were detected in flavedo (the coloured outer peel layer of citrus fruits) of fruits with symptoms from 2.54±0.24 to 17.40±1.05 µg/kg. No toxins were detected in albedo tissues (the white spongy portion of the citrus peel) of the same fruits. AOH and AME were detected by HPLC and LC-MS in extracts derived from healthy leaves of the medicinal plant Polygonus senegalense as a result of endophytic colonisation of leaves by toxigenic A. alternata (Aly et al., 2008) .
Preparative high-speed counter-current chromatography, a liquid-liquid partition chromatography process, has been used to isolate and purify altertoxin-I (ATX-I), which is no longer commercially available, from liquid culture of A. alternata (Hu et al., 2008) . From 18 l of fungal culture, a total of 45 mg of ATX-I was obtained with this method. The recovery rate of ATX-I was 86% based on the original ATX-I concentration in the ethyl acetate crude extract analysed by HPLC. The purity of ATX-I was >95% after only one-step separation. The production of ATX-I by A. solani and A. tomathophila isolated from potato and tomato leaf, respectively has been reported (Andersen et al., 2008) . A novel electrochemical behaviour of ATX-I at polycrystalline gold electrodes modified by a self-assembled monolayer of 1-dodecanethiol has been reported (Moressi et al., 2007) . This approach appears to be a promising analytical tool for the detection of ATX-I in naturally contaminated real samples.
Japanese isolates of A. alternata were screened for their toxigenicity (Yamagishi et al., 2006) . All strains of the tomato pathotype produced AAL-toxin TA, but no fumonisin. Nonpathogenic A. alternata and several non-tomato pathotypes did not produce AAL-toxin TA or fumonisin. These results further confirm the lack of fumonisin production by A. alternata and could explain the absence of reports until now on the contamination of crops by fumonisins produced by Alternaria species.
Five monohydroxylated metabolites of AME and AOH were formed in rat, porcine and human hepatic microsomes, and their structures were assigned by GC-MS/MS analysis, enzymatic derivatisation, and, in part, comparison with reference compounds (Pfeiffer et al., 2007) . In addition, AME was demethylated to AOH and dehydroxylated to a small extent. Mansfield et al. (2008) reported a multitoxin LC-MS method to detect cyclopiazonic acid (CPA), patulin, mycophenolic acid, and roquefortine C in maize silage from different areas of the state of Pennsylvania. Silage samples were finely ground and extracted with acetonitrile-water (9 + 1) with 0.1% formic acid. Extracts were defatted with hexane, concentrated, and without further clean-up were suspended in methanol for LC analysis. The LC system consisted of a C 18 column eluted with a linear gradient from water with 0.05 M ammonium acetate to methanol with 0.05 M ammonium acetate. MS detection utilised atmospheric pressure chemical ionisation in the positive mode with selective ion monitoring. Recovery of CPA from spiked silage (0.5-5.0 µg/g) ranged from 80 to 87% with a limit of detection of 10 µg/kg. Analysis of 120 silage samples over two seasons showed that 37% were contaminated with CPA over a concentration range of 0.02-1.43 µg/g with a mean concentration of 0.12 µg/g. Spanjer et al. (2008) also reported a LC-MS/MS method for simultaneous analysis of 33 mycotoxins, including CPA, in a variety of commodities. Ground samples were typically extracted with acetonitrile-water and diluted with water before direct injection onto a C 18 column that was eluted with a gradient program utilising 0.1% formic acid in water and 0.1% formic acid in acetonitrile. Toxins were detected using an electrospray ionisation interface and tandem MS. The limit of quantitation for CPA was fairly high at 200 µg/kg. Monaci et al. (2007) reported a rapid, semi-quantitative Fourier transform infrared spectroscopic method (FITR) with attenuated total reflection for the detection of cyclopiazonic acid in cheese. About 1.5 g of cheese was pressed against a ZnSe crystal through which the IR radiation was directed. Spectra were acquired in the range of 930-4,000 cm -1 , and a multivariate statistical model using data from solid-phase microextraction-HPLC analyses of a series of spiked samples was used to calculate CPA concentrations based on FTIR. The advantages of the FTIR method are speed and simplicity; however, the method is only suited for qualitative analysis at this point. Further investigation is needed to find a general model suitable for quantitation. Natural occurrence of CPA was found along with aflatoxins in peanuts grown in Brazil (Gonçalez et al., 2008) . CPA was extracted from peanuts with methanol-2% sodium bicarbonate and cleaned-up with liquid-liquid partition followed by silica cartridge chromatography. LC analysis was carried out on a C-8 column with a mobile phase of acetonitrile-ammonium acetate buffer (0.05 M) (8:2) and UV detection at 284 nm. The toxin was found in 32% of the samples analysed in a range of 206 to 600 µg/kg.
Cyclopiazonic acid

Fumonisins
Maize continues to be the commodity where the occurrence of fumonisins is most commonly reported. Fumonisins have been found to be distributed worldwide, and that distribution was further confirmed by several recent reports. Contamination of maize, or maize-based products, was reported in the Entre Rios province of Argentina (Broggi et al., 2007) , Brazil (Caldas & Silva, 2007; Da Silva et al., 2008) , Canada (Roscoe et al., 2008) , Linxian County of China (Wang et al., 2008b) , Guatemala (Torres et al., 2007) , Italy (Blandino et al., 2008; Cavaliere et al., 2007b) , Japan (Aoyama & Ishikuro, 2007; Ishikuro, 2007) , Nigeria (Adejumo et al., 2007) , Portugal (Lino et al., 2007) , South Africa (Shephard et al., 2007a; Waalwijk et al., 2008) , Tanzania (Kimanya et al., 2007) , and Vietnam (Trung et al., 2008) . Fumonisins were also reported in maize-based silages in Argentina (Gonzalez Pereyra et al., 2008) , and fumonisin B 1 (FB 1 ) was found in 25 of 58 samples of beer in Brazil, at levels ranging from 1 to 40 ng/ml (Kawashima et al., 2007) . In two of the aforementioned reports, exposure assessments were also presented (Shephard et al., 2007a; Torres et al., 2007) . The validation of methods for mycotoxin analysis was also reviewed by Goto (2007) . Although it is beyond the scope of this review to examine the toxicological aspects of the fumonisins, an interesting paper on the pharmacokinetics of these toxins in pigs was recently described (Fodor et al., 2008) and the current state of fumonisin biomarkers was reviewed (Shephard et al., 2007b) .
The widespread occurrence of fumonisins in commodities has led to a number of studies into the fate of these mycotoxins during processing. Three recent articles have described the effects of gamma irradiation upon fumonisin levels in cereal grains. Aziz et al. (2007) reported that the growth of Fusarium species was inhibited by 4 kGy for barley and 6 kGy for wheat and maize. Exposure of wheat, maize, and barley to 5 kGy reduced FB 1 by 96.8%, 87.1%, and 100% in each of these commodities, respectively. Exposure to 7 kGy was sufficient for complete destruction of FB 1 in wheat and maize (Aziz et al. 2007 ). Other investigators have also found that 5 to 10 kGy reduced fumonisin levels in maize (Ferreira-Castro et al., 2007) . However the latter group also noted that at a dose of 2 kGy, fungi that survived the treatment could produce additional fumonisin. A third group found that gamma and electron-beam radiation did not significantly reduce levels of FB 1 in whole and ground corn, although FB 1 in aqueous solution could be reduced by 99.7% with as little as 0.5 kGy (D'Ovidio et al., 2007) . Interestingly, the fumonisin content of popcorn (collected from the reject streams of a cleaning operation) could be reduced by popping in a microwave (D'Ovidio et al., 2007) . Extrusion was also shown to decrease the FB 1 content of corn grits by 21-37% (Bullerman et al., 2008) . The presence of added glucose (10% w/w) during the extrusion further decreased FB 1 levels, with the main degradation product being N-(1-deoxy-D-fructos-1-yl) fumonisin B 1 .
The number of fungal species found to produce fumonisins or other sphingosine-analog mycotoxins continues to increase, as do the matrices upon which these compounds have been found. In an intriguing report, certain F. proliferatum strains were able to produce kernel black point disease in wheat, and some of the strains contaminated the wheat with FB 1 , fumonisin B 2 (FB 2 ) and fumonisin B 3 (FB 3 ) (Desjardins et al., 2007) . Also of note was a report where FB 2 was found to be produced by Aspergillus niger in culture (Frisvad et al., 2007) . Furthermore, F. avenaceum species have been reported to produce another toxin that shares structural similarities with sphingosine, namely 2-Amino-14,16-dimethyloctadecan-3-ol (Uhlig et al., 2008) .
Analytical methodology for fumonisins continues to evolve, with a notable emphasis on the development of lateral flow immunoassays (by various test kit manufacturers), and liquid chromatographic methods, generally coupled to mass spectrometric detection systems. Several excellent reviews dealing with issues related to fumonisin analysis have recently been published (Goryacheva et al., 2007; Krska et al., 2007a Krska et al., , 2008 Trucksess and Scott, 2008) . A number of immunoassays have been developed for the fumonisins, and several manufacturers offer commercial test kits based upon various platforms, such as ELISAs or immunochromatographic (lateral flow) devices. Immunochemical methods for several mycotoxins, including fumonisins, were reviewed by Goryacheva et al. (2007) . Websites of the AOAC International (www.aoac.org) and the USDA-GIPSA (www.gipsa.usda.gov) are good sources for determining which fumonisin test kits have had their performance verified by third party organisations.
Derivatisation of fumonisins followed by liquid chromatography and fluorometric detection continues to be extensively used for fumonisin detection. The pre-column derivatisation of fumonisins with o-phthalaldehyde (OPA), for which there is an AOAC International validated method for certain matrices, continues to be widely used. Kushiro et al. (2007) investigated methods for extracting fumonisins from rice. Best recoveries were obtained when contaminated rice was submerged in water for 30 min before adding sufficient methanol to bring the extraction solution to a 1:3 (v/v) water/methanol ratio. After isolation on a strong anion exchange (SAX) column, the fumonisins were quantified by either an HPLC-fluorescence (OPA) method, or an HPLC-mass spectrometric method. ESI in the positive mode was found to be the most sensitive, yielding a limit of detection of 0.005 mg/kg for FB 1 , relative to a limit of detection of 0.05 mg/kg for the LC-fluorescence method . Tanaka et al. (2007) have also recently summarised methods for detecting mycotoxins (including fumonisins) in rice.
LC-MS/MS has been extensively investigated for mycotoxin analysis, including fumonisin analysis. As might be expected, the LC-MS/MS methods vary tremendously from 'dilute and shoot' methods, to those incorporating isolation steps (immunoaffinity columns or other solid phase extraction cleanup columns) to reduce matrix effects. Limited space does not allow a discussion of the finer points of each of these methods. The methods developed vary according to the number of analytes, from a few up to 87. LC-MS/MS based methods have also been developed for fumonisins in a large number of matrices. These included wheat beer and sake (Rudrabhatla et al., 2007) , maize (Lattanzio et al., 2007) , maize-meal (Cavaliere et al., 2007b) , cattle forages (Huls et al., 2007) , bread crumbs and mouldy foods (Sulyok et al., 2007b) , spelt, rice and barley (Sulyok et al., 2007a) , peanut, pistachio, wheat, maize, cornflakes, raisins, and figs (Spanjer et al., 2008) , and, as discussed above, rice ). An issue with mass spectrometric methods can be ion suppression (or enhancement) by residual food matrix. The matrix effects have been dealt with in a number of ways, including using clean-up steps, or chromatography, to reduce the amount of matrix present during the elution of the analyte. Other ways of dealing with matrix effects have been to use external standards in a matched matrix, or internal standards. Isotopically labelled standards in particular show promise for helping to discern, and adjust for, matrix effects in LC-MS. The use of such standards to compensate for losses during clean-up, and to address matrix effects, was reviewed by Rychlik and Asam (2008) . Limits of quantification for several of the LC-MS/MS methods are in the low µg/kg range, which, combined with the elimination of the need to make a fluorescent derivative, makes them very attractive for fumonisin analysis. An alternative to LC-MS, that does not require derivatisation of fumonisins is the use of LC with evaporative light scattering detection (Wang et al., 2008c) . A major advantage of the latter approach is the much lower cost of instrumentation, although reported limits of quantification tend to be substantially higher than for LC-MS methods.
Ochratoxins
From mid-2007 to mid-2008, more than 100 papers concerning OTA were published. Two publications on mycotoxin analysis including OTA gave in-depth reviews on the uses of cyclodextrins (CDs) and stable isotope dilution assays (SIDAs). The first review indicated that the effect of β-CD on OTA fluorescence was slight (Maragos et al., 2008) . The 15% increase in fluorescence corresponded with a higher UV absorption of OTA over the range 310-350 nm. The second review covered the prerequisites and limitation of the use of stable isotopically-labelled internal standards and possible calibration procedures . It also gave information on the syntheses and availability of labelled mycotoxins and their LC-MS applications for the determination of trichothecenes, ZEA, fumonisins, patulin and OTA.
The interest in method development and investigation of occurrence continued to be strong. Several innovative approaches were applied for the detection of OTA. Fourier transform infrared spectroscopy with attenuated total reflection (FTIR-ATR) was used for determining the OTA level in OTA-spiked sultanas. Results gave a good correlation between the spectral data and the amount added, with a correlation coefficient of 0.85 (Galvis-Sanchez et al., 2008) .
A hexapeptide with sequence Ser-Asn-Leu-His-Pro-Lys was synthesised (Giraudi et al., 2007) . This hexapeptide showed good affinity towards OTA and was used to develop a solidphase extraction method for the quantification of OTA in wine. Recoveries were 95% and 98% at spiking levels of 2.0 and 4.0 µg/l, respectively. An automated method for OTA in human urine samples was optimised and validated using solid-phase microextraction (SPME) coupled to gradient separation LC-MS/MS (Vatinno et al., 2008a) . Samples were adjusted to pH 3 with phosphate-buffered saline and were extracted and concentrated with a carbon-tape coating multi-fibre SPME device and multi-well plates. Up to 96 samples could be simultaneously prepared. Limits of detection (LOD) and quantitation (LOQ) were 0.3 and 0.7 ng/ml in urine, respectively. In another study, SPME coupled with LC-fluorescence detection (LC-FD) was used for detection of OTA in green coffee beans (Vatinno et al., 2008b) . Coffee beans were extracted with 5% NaHCO 3 solution, followed by clean-up of the extract by chloroform partition. The aqueous extract was acidified and then subjected to SPME-LC-FD analysis. The LOD and LOQ were 0.3 and 2 µg/kg, respectively.
A non-instrumental method that employed preconcentration of OTA in beer on an immunoaffinity layer and direct competitive ELISA detection in the same layer was published (Goryacheva et al., 2008) . This immunoassay required only visual observation of the colour developed at OTA levels greater than 0.2 µg/l. An electrochemical immunosensor for the detection of OTA in wine samples has been developed (Prieto-Simon et al., 2008) . Two indirect competitive ELISA strategies were investigated. Immunosensors based on avidin/biotin-OTA showed an affinity for the antibody higher than that provided by OTA-BSA conjugate. Monoclonal antibodies (MAb) provided better IC 50 values than polyclonal antibodies (PAb), whereas PAb obtained better reproducibility. The horseradish peroxidase conjugate gave more accurate and reliable results than alkaline phosphatase.
Several multitoxin methods were explored. Grains, nuts, raisins, and figs were analysed for 33 mycotoxins including OTA (Spanjer et al., 2008) . The toxins were extracted with acetonitrile-water, diluted with water and then directly injected into a reversed-phase LC system coupled with ESI-MS/MS. The toxins were separated in a 30 min run. The LOQ for OTA was 1 µg/kg. One method employed a double extraction approach, using a phosphate-buffered solution followed by methanol which was able to extract aflatoxins, OTA, and some Fusarium toxins in maize efficiently (Lattanzio et al., 2007) . After a multitoxin immunoaffinity column clean-up the extract was analyzed by LC-ESI-MS/MS using a linear gradient of methanolwater containing 0.5% acetic acid and 1 mM ammonium acetate. The LOD of the method ranged from 0.3 to 4.2 µg/kg. LC-FD or LC-MS/MS was used for simultaneous determination of OTA, ochratoxin B, and citrinin in cereal, fruit, and coffee products (Tabata et al., 2008) . The samples were extracted with ethyl acetate under acidic condition followed by liquid-liquid partition. Performances of both detectors were similar. Recoveries of the three toxins were greater than 70% and the LOQ was 0.1 µg/kg. A method using multitoxin immunoaffinity columns and LC for determination of aflatoxins B 1 , B 2 , G 1 , G 2 and OTA in powdered ginseng and ginger was published . The accuracy, repeatability, and reproducibility characteristics of this method have been established in a collaborative study involving 13 laboratories from 7 countries . Average recoveries of aflatoxins from ginseng and ginger ranged from 70 to 87% (at spiking levels of 2 to 16 µg/kg), and from 86 to 113% for OTA (at spiking levels from 1 to 8 µg/kg).
OTA was found worldwide in many agricultural commodities during this year, in particular cereal grains, grapes, wine, figs, liquorice, and coffee. However, OTA was also reported in less common matrices, such as botanicals, rice, and air samples. A review article on mycotoxins, mainly on aflatoxins and OTA in botanicals, such as ginseng, ginger, kava-kava, turmeric and dried fruits, such as figs, apricots, plums (prunes), dates, and quince was published recently (Trucksess and Scott, 2008) . One hundred samples of rice purchased from five cities in Morocco from January to October 2006 were analysed for OTA (Juan et al., 2008) . Approximately 25% of the samples were contaminated with OTA at levels ranging from 0.08 to 48 µg/kg. The average was 3.5 µg/kg for all samples analysed. A study was conducted on airborne aflatoxins, ZEA, and OTA from a poultry house in Dalian, China (Wang et al., 2008d) . Fiftytwo air samples were collected with AGI-30 air samplers using pure water as a collection medium. OTA was found in one sample at 8.53 ng/m 3 . It was estimated that a poultry worker may inhale 68.2 ng OTA in a working day. In Spain, 74 non-organic and 26 organic breads were collected and analysed for OTA (Gonzalez-Osnaya et al., 2007a) . The incidence of OTA was 20.3% and 23.0% for non-organic and organic bread, respectively. The highest values were obtained with non-organic (0.04-19.61 µg/kg) versus organic products (0.03-0.81 µg/kg). Estimated daily intake of OTA in this study was 1.6 ng/kg body weight per day.
Patulin
The established limit for PAT has provided an incentive for the development of faster and more specific analytical methods with lower detection limits. A novel and validated micellar electrokinetic capillary chromatography (MEKC) method using UV detection was applied to the quantitative analysis of PAT in commercial apple juice by Murillo et al. (2008) . A method for the analysis of PAT was described by González-Osnaya et al. (2007b) based on a simple liquidliquid extraction with acetonitrile and determination using HPLC-UV. PAT identity was confirmed by GC-MS after its reaction with N-methyl-N-(trimethylsilyl) trifluoroacetamide. Fifty-three apple-containing products were analysed and PAT was detected in 14 samples in a range from 1.5-50.9 µg/l; six of which were above the maximum permitted level in the European Union. Based on these results and juice consumption by the Spanish adult population, the estimated intake of PAT was 0.42 ng/kg body weight per day. A solid-phase extraction (SPE) method was used to determine the PAT in apple juice concentrate. Undiluted concentrate was treated by C 18 -SPE cartridge and analysed by HPLC-UV. The recovery rates and the coefficients of variation were 96.4-114.1% and 1.62-4.82%. The LOD was 0.005 mg/kg . A gas chromatography-mass spectrometry (GC-MS) method was developed by Marks (2007) for the quantitative determination and confirmation of PAT extracted from apple juice. PAT was determined by GC-MS using an electron-impact source and selected ion monitoring of characteristic ions. Spike levels of 20-10 µg/l gave an average recovery of 86%, and 6 ions of sample and standard spectra matched within 10% absolute for confirmation. The LOQ and LOD were 10 and 3 µg/l, respectively. Kawamoto et al. (2008) described a SLV of a solid phase extraction method for patulin in fruit juices. Iha and Sabino (2008) Sixty-three nectars, 27 apple juices, 10 light nectars and 34 soybean-based drinks containing apple juice were analysed. PAT in concentrations ranging from 3 to 7 µg/l was detected in only four samples (3%). The results of this study showed that PAT was not a problem in apple-based drinks commercialised in the State of São Paulo over the study period. Caldas et al. (2008) studied the incidence of sour rot and PAT in grapes (Vitis vinifera L. cv. Rubi) cultivated in Brazil. PAT was not detected in any samples. Patulin was analysed by HPLC-UV in 71 apple juices and concentrates and 21 infant fruit purees purchased from retail outlets or producers in Tunisia (Mhadhbi et al., 2007) . The findings showed that 12% of the samples locally produced in Tunisia were contaminated with PAT, with a maximum level of 6 µg/l, and 5% of the samples imported and marketed in Tunisia were contaminated at a mean level less than 6 µg/l. No detectable PAT was found in apple cider and infant fruit puree samples.
There is little information in the literature dealing with the analysis of PAT in dried solid apple products. Katerere et al. (2008) have developed a method which could be validated for analysis of PAT in a new commercial product made from dried apples. The method was validated for precision, linearity and recoveries at three different concentrations of PAT using HPLC with a diode array detector. Eight industrial samples were analysed and all of them were well within the recommended range of 25 µg/kg PAT concentration in solid apple products and compotes. Baert et al., (2007) evaluated the variability and uncertainly assessment of PAT exposure for preschool children in Flanders. Variability and uncertainty assessment of PAT exposure showed that 0.9% of the children consuming only organic apple juice exceed the tolerable daily intake (TDI). For consumers of conventional and handcrafted apple juice, this was respectively 0.1% and 0%. Reduction of the PAT contamination in apple juice to concentrations below 25 µg/kg reduced the percentage of the children exceeding the TDI to 0% for organic apple juice.
Trichothecenes
The potential health risks of trichothecenes in foods, feeds, and the environment continues to drive research into new and improved analytical methods for the detection and quantitation of trichothecenes.
Accurate quantitative analytical measurements rely upon pure, well-characterised analytical standards, and research into analytical standards of trichothecenes continues to increase. Krska et al. (2007b) studied the molar absorptivities of DON, 3-and 15-acetyl-deoxynivalenol (3-ADON, 15-ADON) and nivalenol (NIV) in acetonitrile, and produced standard calibration solutions of DON and NIV. These are available to other laboratories to check their own calibrants. An isotopic T-2 toxin was characterised and employed as an internal standard in a mass spectrometric method (Haubl et al., 2007) . The method was validated for maize and oats; both showed strong matrix enhancement effects, which could be compensated for by the application of the isotope-substituted internal standard.
The application of SIDAs for mycotoxins, including trichothecenes, has recently been reviewed . The review indicates that this technique improves LC-MS methods by compensating for losses during clean-up and discrimination due to ion suppression, and concludes that the use of SIDAs will become more common as more commercial standards become available. A LC-MS/MS method was developed for the simultaneous determination of 11 mycotoxins including DON, T-2, and HT-2 toxin in maize (Lattanzio et al., 2007) . Cleanup was accomplished with a multitoxin IAC. Detection and quantitation were performed by reversed-phase LC coupled with electrospray ionisation triple quadrupole mass spectrometry (LC/ESI-MS/MS). Method performance was satisfactory at levels close to or below the EU maximum permitted or recommended levels. Spanjer et al. (2008) also reported a multi-mycotoxin LC/ESI-MS/MS method capable of detecting 33 mycotoxins including DON, T-2, HT-2, sterigmatocystin, diacetoxyscirpenol, and 3-and 15-ADON. The reported limit of quantitation (LOQ) for DON was 50 µg/kg; other LOQs ranged from 10 to 200 µg/kg. The mycotoxins were extracted with acetonitrilewater, diluted with water and injected directly into the LC system. New LC/ESI-MS/MS methods were developed for the determination of trichothecenes in maize flour and oil, with recoveries of 79% and 78%, respectively (Gentili et al., 2007) . Cavaliere et al. (2007b) also developed screening and confirmatory LC/ESI-MS/MS methods to detect many fusariotoxins, including 10 trichothecenes.
A qualitative / semi-quantitative rapid lateral flow test was developed for the detection of T-2 toxin in agricultural commodities . The semi-quantitative test was reported useful in the low µg/kg range.
The application of FTIR to the detection and quantitation of DON in wheat was examined (Abramović et al., 2007) . The authors employed the ratio of attenuated total reflection signals at 1,709 cm -1 and 1,743 cm -1 to quantitate DON and found a satisfactory correlation to results from a reference LC-UV detection method.
Trichothecenes continue to be reported globally in foods and food products, and their presence must be considered a continuing health risk. The occurrence of DON in malt barley from the 2004 Eastern Croatian crop was reported (Velić et al., 2007) . DON was detected in 24 (57%) of 42 samples, with an overall mean of 780 µg/kg. Eight samples (19%) exceeded Croatian limits, while 12 (29%) exceeded EU limits for unprocessed cereals. Similar results were reported from a five-year (2002) (2003) (2004) (2005) (2006) survey of wheat, rye and barley in Japan (Noriduki et al., 2007) . Approximately one-half of the samples were above 50 ng DON/g; during the five-year period 8%, 4%, 3%, 0.2%, and 3% of the samples (respectively) were above the provisional Japanese regulatory limit of 1,100 µg/kg. A corresponding survey of Japanese feed materials was conducted from 2001 to 2005 (Ishikuro, 2007) . Over 40% of the maize samples were contaminated with DON, but NIV and T-2 were infrequently detected. DON and T-2 were detected in 31% and 38%, respectively, of milo samples, but NIV was detected in only one of 48 samples. Less than 10% of barley samples contained DON or NIV, and no T-2 was detected in 16 samples; 32% of wheat samples had detectable levels of DON, but NIV was detected in only 1 of 45 samples. Rye and oats showed a low incidence of all three trichothecenes. Surveys of wheat, barley and rye from the Czech Republic were analysed for trichothecenes by Hajšlová et al. (2007) . DON was detected in almost all of the samples and was correlated with humid growing seasons. Samples of maize, wheat, soybean, sunflower and barley collected over two years from Serbian crops were analysed for DON (Jajić et al., 2008) . Incidence rates varied from 8% (soybean) to 47% (sunflower), and contamination levels from 40 to 2,460 µg/ kg. Wheat from Argentina was analysed for NIV and DON by Pinto et al. (2008) . Of 19 samples analysed, 13 contained DON (range: 300 to 70,000 µg/kg) and two contained both NIV (50 and 100 µg/kg) and DON (7,500 and 6,700 µg/kg). Seventy samples of organic and conventionally grown oats were analysed by LC-MS/MS for type-A trichothecenes in a recent German survey (Gottschalk et al. 2007) . Very high contamination rates for T-2 (100%) and HT-2 (99%) were found in both products. Trichothecene concentrations up to 116 µg/kg were detected by Schollenberger et al. (2008) in edible oils marketed in Germany. Raters and Matissek (2008) failed to detect DON in cocoa fractions relevant for chocolate production. Lancova et al. (2008a) studied the fate of seven trichothecenes during bread production. The grain cleaning process was found to remove most trichothecenes. The bran fraction contained the highest levels of DON while the reduction flours contained the lowest levels. Baking at 210 o C for 12 min had no effect on DON levels. Lancova et al. (2008b) also studied the transfer of trichothecenes during the malting and brewing process from barley into beer. The steeping of barley was found to substantially reduce trichothecene levels. However, levels in malt were found to be higher than in the originating barley, especially for the 'bound' DON-3-glucoside (DON-3-Glc), and further increases were noted during the brewing process. DON-3-Glc levels in the final beer exceeded the levels of free DON.
Research into the occurrence and significance of 'bound' mycotoxins in plants and foods continues to generate interesting results. Bound mycotoxins are those that may be conjugated to polar substances such as sugars, amino acids or sulphates, and may be released upon hydrolysis in the gastrointestinal tract, thereby contributing to the total toxin load. It is now well established that these bound mycotoxins escape detection by many routine methods, and reliable procedures for their detection and quantitation are required. Zhou et al. (2007) studied the utility of trifluoroacetic acid (TFA) in releasing bound DON from barley. Extraction with 1.25 M TFA in acetonitrile-water (86:14) at elevated temperature was found to be the optimal process, and resulted in significant increases in measured DON levels. A variety of enzyme treatments for the release of bound DON from barley were also studied (Zhou et al., 2008) . Treatment with papain resulted in increases (16-28%) in the DON levels measured in five of seven test samples, while treatments with cellulose/xylanase or amylase/amyloglucosidase were less conclusive. Sasanya et al. (2008) assessed solvents and protocols for the extraction of DON and DON-3-Glc from red spring wheat, and used LC-UV-MS for their detection. Mean levels of DON and DON-3-Glc in random samples of red spring wheat were 1,400 and 200 µg/kg, respectively.
The occurrence of trichothecenes in our environment, and the potential health impacts, continue to be studied. The contamination of drainage water from a wheat field inoculated with F. graminearum was studied by ; DON was found up to 4,900 ng/l. In addition, DON was detected in Swiss rivers at levels up to 22 ng/l. A Swedish study (Bloom et al., 2007) used both gas chromatography-MS/MS and LC-MS/MS to detect Aspergillus and Stachybotrys spp. toxins from buildings with ongoing damp or a history of water damage. Verrucarol, trichodermol, trichodermin, sterigmatocystin, and satratoxins G and H were detected in the majority (45 of 62) of samples of building materials, and in three of eight samples of settled dust. Five out of eight cultures of airborne dust samples also exhibited mycotoxins. In Belgium, grain dust from farms and storage companies was collected and analysed for a variety of mycotoxins including NIV and DON (Tangni and Pussemier, 2007) . Samples were extracted with acidified acetonitrile-water (90:10), purified by solid phase extraction, and mycotoxins were detected by LC-UV with photodiode array detection. Of 14 samples, six were positive for NIV, and 13 were positive for DON.
Urinary DON levels were determined by LC-MS after purification on IACs and correlated to consumption of cereal foods (Turner et al., 2008) . The authors concluded that the EU recommended maximum tolerable daily intake of 1,000 ng DON/kg body weight may be exceeded in some individuals.
Zearalenone
At least 5 reviews were recently published that reflect on certain aspects of ZEA analysis. Gromadzka et al. (2008) summarised the physicochemical properties, occurrence, identification and quantification methods, biotransformation, toxicity and guidelines of ZEA and its metabolites. Krska et al. (2007a) focused on currently used methodologies for the analysis of ZEA and other Fusarium toxins in feeds, also providing an overview on the availability of reliable calibrants and reference materials. Goryacheva et al. (2007) reviewed recent developments in immunochemical methods for ZEA and other mycotoxins, especially the simultaneous determination of multiple analytes. ELISAs, immunosensors, fluorescence polarisation immunoassays, capillary electrophoretic immunoassays, lateral-flow devices, dipsticks, flow-through and column tests were covered in their work. Rychlik and Asam (2008) described current SIDA in mass spectrometry based analysis of ZEA, trichothecenes, fumonisins, patulin, and OTA. Several authors (Haubl et al., 2007; Rychlik and Asam, 2008) concluded that the very accurate results obtained with SIDA as well as the increasing availability of both LC-MS instrumentation in laboratories and labelled mycotoxins for use as internal standards on the market will increase SIDA applications for mycotoxin analysis in the near future. Maragos et al. (2008) described the use of cyclodextrins as modifiers of fluorescence in the detection of mycotoxins. Cyclodextrins have been used to enhance the native fluorescence of ZEA, aflatoxins and OTA as well as of mycotoxins that can be rendered fluorescent through derivatisation, such as T-2 toxin, in HPLC and capillary electrophoresis methods.
LC-MS/MS methods have become very popular for the simultaneous determination of multiple mycotoxins, including ZEA and its metabolites. Lattanzio et al. (2007) developed an ESI triple quadrupole MS method for the quantification of aflatoxins, OTA and 6 Fusarium toxins (including ZEA) subsequent to double extraction and multitoxin IAC clean-up of maize. A recovery of 81±9% and a limit of detection of 0.7 µg/kg were obtained for ZEA. The LC-ESI-MS/MS method(s) of Cavaliere et al. (2007b) comprised 19 Fusarium mycotoxins in total, including ZEA, α-zearalenol (α-ZOL), β-zearalenol (β-ZOL), α-zearalanol (α-ZAL) and β-zearalanol (β-ZAL). A Carbograph-4 cleanup cartridge was used to separate A-and B-trichothecenes, fumonisins and macrocyclic lactones from maize samples. Each fraction was subsequently analysed separately, requiring 4 injections in total for each sample. Zearalanone (ZAN) was used as internal standard for the ZEA metabolites. Recoveries (above 92%) and method quantification limits (around 4 µg/kg) were favourable for the macrocyclic lactones. Spanjer et al. (2008) published their LC-MS/MS multi-method for the quantification of 33 mycotoxins, which was validated for peanuts, pistachios, wheat, maize, cornflakes, raisins and figs. After single extraction with an acetonitrile/water mixture, the raw extracts were diluted with water and then directly injected into LC-ESI-MS/MS system. Besides other mycotoxins, ZEA, α-ZOL, α-ZAL and β-ZAL were covered with this method. Quantification was performed using matrix-matched standard calibration and the results were corrected for any matrix effects. The average recovery of ZEA in several food types, collected in 2005 and 2006 during analysis of routine samples, was 103±17%, while the limits of detection ranged from 1 to 15 µg/kg (depending on the matrix). Sulyok et al. (2007b) expanded their LC-ESI-MS/MS method to 87 mycotoxins and other fungal metabolites and applied it for a semiquantitative screening of mouldy food samples. After a single extraction step using an acidified acetonitrile/water mixture and dilution of the crude extract, samples were injected twice and measured in positive and negative ESI ion mode. Bread crumbs served as a model matrix after spiking at multiple concentration levels. The list of analytes included ZEA α-ZOL, β-ZOL, as well as the conjugated (masked) mycotoxins ZEA-4-glucoside and ZEA-4-sulphate. Overall recoveries ranged from 99 to 123% and limit of detection for ZEA was 0.4 µg/kg. Several SIDAs have recently been developed for the LC-MS/MS determination of ZEA. Hartmann et al. (2008) used d 6 -ZEA (obtained by base-catalysed hydrogendeuterium exchange from ZEA) as an internal standard for the quantification of ZEA in soil, sewage sludge, plant material and manure samples. Relative recoveries ranged from 86 to 113% for all matrices, indicating the suitability of the internal standard. Method quantification levels were between 0.7 µg/kg for soil and 26 µg/kg dry weight for plant materials. The same group (Erbs et al., 2007) used a similar LC-ESI-MS/MS method to verify the crossreactivities for α-ZOL, β-ZOL, ZAN, α-ZAL and β-ZAL on three commercial IAC columns targeting ZEA. As the cross-reactivities for all ZEA analogs were greater than 80%, it has been demonstrated that commercial IACs could be applied for simultaneous clean-up of these contaminants. Cramer et al. (2007) synthesised 3,5-d 2 -ZEA and used it as an internal standard for the accurate and sensitive determination of ZEA in cereal products from the German retail market. A quadratic calibration function had to be used to cope with the overlap of the internal standard signal with the [M+2] isotope peak of ZEA, as the mass of the internal standard is just 2 amu higher than the mass of ZEA. Schmidt et al. (2008) developed and validated an LC-ESI-MS/MS method for the determination of ZEA, α-ZOL, β-ZOL, α-ZAL, β-ZAL and ZAN in bovine urine, which permitted the confirmation and quantification of these compounds at levels above 1.5 µg/l with recoveries between 95-108%.
Beside LC-MS, methods employing LC-FD, usually after IAC clean-up, are commonly applied for the determination of ZEA. Wang et al. (2008d) developed an IAC-LC-FD method for the quantification of airborne aflatoxins, OTA and ZEA in poultry houses. While the recovery for ZEA was in the range of 81-109% with a lower detection limit of about 4 µg/l, the linear regression correlation coefficient of 0.850 was extremely poor. Two large interlaboratory studies applying IAC-LC-FD have been conducted to determine the levels of ZEA in cereal grains, animal feed and feed ingredients (Campbell et al., 2007) as well as in baby food and animal feed (Arranz et al., 2007) . Both studies aimed to verify common methods employing acetonitrile/water/ sodium chloride or methanol/water extraction, dilution and IAC clean-up and subsequent analysis by reversedphase LC with fluorescence detection. For the former study, recoveries were between 89 and 116%, within-laboratory repeatability ranged from 6 to 12% and between-laboratory reproducibility ranged from 13 to 20%. The Horwitz ratio (HorRat) ranged from 0.6 to 0.9. Very similar results were achieved for the latter study, with recoveries from 78 to 119% for baby food and from 51 to 122% for animal feed. Between-laboratory reproducibility in baby food ranged from 8 to 13% and from 16 to 21% for animal feed. HorRat values in baby food ranged from 0.3 to 0.4, and for animal feed from 0.6 to 0.9. Kinani et al. (2008) studied the chemical derivatisation of ZEA, α-ZOL, β-ZOL, ZAN, α-ZAL and β-ZAL for GC-MS analysis of environmental samples. Of various reagents, N,O-bis-trimethylsilyl-trifluoroacetamide (BSTFA) in acetonitrile showed the highest silylation yield after derivatisation at 90 °C for 5 min. Using methanol chemical ionisation and selected ion storage, a GC-MS method was developed. Sub-µg/kg limits of detection and excellent within-day repeatabilities of <3% were achieved. A method for the determination of ZEA, α-ZOL and β-ZOL in maize flour samples using supercritical fluid extraction (SFE) with continuous flow electrochemical detection was developed and validated . After CO 2 / methanol extraction at 25 or 30 MPa and 80 °C for a total of 40 min, the target compounds were cleaned-up on a Florisil cartridge and passed through an amperometric detector cell. Good linearity (r 2 >0.997) was obtained for the 3 mycotoxins from about 50 to 1000 µg/kg with RSD values of lower than 7%. In their second work the authors set a cut-off level of 170 µg ZEA per kg to reliable classify positive or negative maize samples, while the expanded unreliability zone was between 160 and 230 µg/kg. Kolosova et al. (2007) developed a colloidal gold-based lateral-flow immunoassay for the rapid simultaneous (visual) detection of ZEA and DON. The assay can be performed within 10 min, including extraction, to differentiate wheat samples below and above the cut-off levels of 100 µg/kg for ZEA and 1,500 µg/kg for DON. Winter et al. (2008) described the detection of estrogenically active substances, such as ZEA, in diets for pigs by an in vitro reporter gene assay.
Multiple papers describing the occurrence of ZEA in a variety of food and feed samples have been published. Schollenberger et al. (2008) investigated the natural occurrence of 16 Fusarium toxins in edible oil marketed in Germany. Mycotoxins were found in oils from soybeans, sunflowers and maize germs with up to 1,730 µg/kg of ZEA in one maize germ oil. Broggi et al. (2007) Adejumo et al. (2007) surveyed maize from south-western Nigeria for ZEA, α-ZOL, and β-ZOL. Fifty-seven percent of all the samples were contaminated with ZEA up to 780 µg/kg and 13% of all the samples were contaminated with α-ZOL up to 180 µg/kg. Ghali et al. (2008) studied the incidence of ZEA in 209 samples of Tunisian foods using competitive ELISA. ZEA was detected in around 15% of all samples with a mean level of 10 µg/kg. Musaiger et al. (2008) examined the occurrence of ZEA, aflatoxins and DON in 198 susceptible food commodities commonly consumed in Bahrain. ZEA was detected in just a few samples at low levels, including cornflakes (3 µg/ kg) and crushed wheat (0.3 µg/kg). Cervero et al. (2007) determined by LC-FD the levels of ZEA, α-ZOL, β-ZOL and DON in 25 commercially available corn-based foods in Spain. The incidence of ZEA and α-ZOL was 44% and 24% respectively with concentrations between 34-220 and 36-71 µg/kg. Muthomi et al. (2008) determined the occurrence of ZEA in Kenyan wheat from the 2004 growing season. Forty-seven out of 82 samples were contaminated with ZEA, at levels from 1-96 µg/kg as quantified with a direct competitive ELISA. Natural occurrence of ZEA was also reported in pig feeds in southern Vietnam (Thieu et al., 2008) , in cereals in Lithuania (Mankeviciene et al., 2007) , in feeds and feed ingredients worldwide (Binder et al., 2007) , and breakfast cereals in Canada (Roscoe et al., 2008) . Finally, ZEA was also found in unusual samples like ginseng root and dry foods (reviewed by Trucksess and Scott, 2008) , pet food (reviewed by Boermans and Leung, 2007) and in aqueous natural samples .
Mycotoxins in botanicals
The use of a multitoxin immunoaffinity column for the determination of aflatoxin B 1 , B 2 , G 1 , G 2 and OTA in ginseng and ginger utilising HPLC with fluorescence detection has been reported . The method was optimised to improve the recovery of the aflatoxins and ochratoxin by adjusting the concentration of the sodium bicarbonate in the extraction solvent, the concentration of the dilution buffer, and the amount of Tween 20 in the dilution buffer. After the method optimisation, the recoveries of aflatoxins spiked at 2-16 µg/kg and OTA spiked at 1-8 µg/kg in ginseng were 72-80 and 86-95%, respectively, with similar recoveries for ginger. A total of 39 commercially available ginger products from 6 manufacturers were analysed. Ten samples contained no aflatoxins or OTA while 26 samples were found to be contaminated with aflatoxins at 1-31 µg/kg and 29 samples, with OTA at 1-10 µg/kg. Ten ginseng products were analysed with 3 containing aflatoxins at 0.1 µg/kg and 4 containing OTA at levels ranging from 0.4 to 1.8 µg/kg. Several articles have been published on OTA in liquorice. Thirty samples of liquorice root and derived products (liquorice confectionery, liquorice block, and liquorice extract) were analysed for OTA by HPLC with fluorescence detection (Arino et al., 2007a) . All samples were positive for OTA with the highest average levels in dry liquorice root at 63.6 µg/kg, whereas average concentrations in fresh liquorice root were 9.2 µg/kg. In addition, liquorice confectionery (sweets), liquid liquorice extract, solid liquorice block contained 3.8, 16.0, and 39.5 µg/kg of OTA respectively. Almost 5% of the OTA in dry liquorice transfers to the corresponding decoction tea, whereas only 1% of OTA remains in infusion tea. Arino et al. (2007b) described the effect of processing methods including thermal stability, sorting, washing, and peeling of fresh liquorice roots on the concentration of OTA. The OTA content was analysed by HPLC with fluorescence detection and confirmed by methyl ester formation. The OTA concentration was stable to heat treatment at 150 °C for 60 min and was unaffected by sorting or washing, but was reduced 53.1% by peeling. The OTA level was reduced during the production of liquorice extract (78.6%) and block liquorice (91.8%).
A recent review summarises the natural occurrence of mycotoxins in botanicals and dried fruits (Trucksess and Scott, 2008) . Aflatoxins or OTA have been found in ginseng, ginger, liquorice, turmeric, and kava-kava in the USA, Spain, Argentina, India, and some other countries. In addition, fumonisins have been found in medicinal wild plants in South America and in herbal tea and medicinal plants in Turkey with ZEA identified in ginseng root. This review discusses analytical issues as well as the influence of sorting, storage, processing, and prevention of mycotoxins in botanicals and concludes that botanicals sold commercially can be contaminated with mycotoxins at levels exceeding regulations in some countries. It is important to continue to analyse for mycotoxins in botanicals and apply strategies to prevent their formation.
